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APPARATUS, SYSTEM AND METHOD FOR
LABEL-FREE QUANTITATIVE DETECTION
OF BIOMOLECULES

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 61/259,731, filed Nov. 10, 2009, the entire
contents of which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] This invention relates to spectrometry and more par-
ticularly relates to an apparatus, system, and method for
label-free quantitative detection of biomarkers.

[0004] 2. Description of the Related Art

[0005] Biomarker detection plays an important role in the
diagnosis of various diseases, life science research and drug
discovery. Detection and quantification of these biomarkers
have the potential of improving and expediting drug devel-
opment, treatment planning, and prediction of reoccurrence
of various diseases. It can provide an important diagnostic
tool at the molecular level. For example, cancer cells typically
over express biomarkers as compared to their non-tumoro-
genic counterparts. Hence, the quantification of biomarkers
often plays an important role in differentiating cancerous
cells from non-cancerous cells.

[0006] Additionally, current methods for studying protein-
analyte interactions or detecting a specific protein include
enzyme-linked immunosorbent assays (ELISA) and western
blotting. These long established techniques, however, need
secondary probes for detection of analytes that may alter the
protein of interest, are relatively costly, and require extensive
sample preparation. On the other hand, researchers are
exploring different label-free techniques for the detection and
quantification of protein-analyte interaction. Some of the
techniques explored are Isothermal Titration calorimetry
(ITC), Differential Scanning calorimetry (DSC), and ellip-
sometry imaging, among others. Using these techniques,
binding affinity of analyte to protein, kinetic characterization,
and protein quantization can be achieved.

[0007] The detection and quantification of large and small
molecules is necessary in a wide variety of fields ranging
from biosensing to screening of biomolecules in the drug
discovery process. Currently, the technologies that are pre-
dominantly used in practice are label-based in which biomol-
ecules to be screened are labeled with fluorescent, radioiso-
tope, or chemiluminescent tags. Inherent limitations of labels
are widely acknowledged, the most important of which center
on their potential interference with the activity of the biomol-
ecule and its interaction with the recognition molecule, along
with the added costs involved in developing and implement-
ing the label attachment chemistry. Furthermore, direct quan-
tification of interactions and concentrations are not possible
using labeled methods. Label-free detection and quantifica-
tion of bimolecular interaction has significant advantages,
such as lack of interference from labels, higher accuracy and
less expensive assays. Until recently, surface plasmon reso-
nance (SPR) was perhaps the only reliable and widely used
label-free technique due to the sensitivity and commercial
availability of the instrumentation. But, for multi-analyte
detection, SPR has achieved limited success.

[0008] In recent years a number of promising label-free
techniques have been developed that have the potential to be
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the method of choice for a number of biomolecular interac-
tion analysis applications. Using label-free optical tech-
niques, either the change in refractive index (RI) or the
change in optical path length (OPL-a product of geometric
length and RI) that occurs when biomolecules bind to the
target is measured. Changes in RI or OPL can be accurately
measured with optical techniques such as interferometry and
SPR. Besides detection sensitivity, high throughput is neces-
sary and is an important figure of merit for many biosensing
applications. Limited throughput capability is a drawback of
typical label-free techniques such as SPR. Although high
throughput label-free detection of biomolecules has been
demonstrated using spin-disk interferometry and spectral
reflectance imaging of biosensor arrays, these techniques are
limited to fixed biosensor formats with custom fabricated
biosensor substrates.

SUMMARY OF THE INVENTION

[0009] Embodiments of an optical sensor are presented. In
one embodiment, the optical sensor includes a fiber-interface
surface configured to be coupled to an optical fiber and to
receive broadband Gaussian light from the optical fiber. The
optical sensor may also include a sensor body coupled to the
fiber-interface surface, the sensor body having a refractive
index different from a refractive index of the optical fiber such
that at least a portion of light received by the fiber-interface
surface will be reflected back to the optical fiber during use;
and a binder-interface surface coupled to the sensor body, the
binder-interface surface configured to receive a chemical
binder layer.

[0010] In a further embodiment, the optical sensor may
include a binder layer comprising a first molecule configured
to molecularly bind to a second molecule. In such an embodi-
ment, an optical path distance of the optical sensor will
increase in response to the second molecule binding to the
first molecule.

[0011] In one embodiment, the sensor body may include
glass. Alternatively, the sensor body may include plastic. In
still another embodiment, the sensor body may include sap-
phire. In another embodiment, the sensor body may include a
metallic layer, and a segment of an optical fiber. The metallic
layer may be disposed between the optical fiber and the seg-
ment of an optical fiber. The length of the segment of the
optical fiber may be selected according to a desired optical
path length for the optical sensor. In one embodiment, the
metallic layer may be silver. Alternatively, the metallic layer
may be gold, chromium, aluminum, or other suitable materi-
als. In these examples, the sensor body may have a physical
thickness in the range of 100 um to 1.5 mm. Alternatively, the
thickness of the sensor body may be as great as 15 mm if the
wavelength of the light source and resolution of the spectrom-
eter are selected to accommodate such thicknesses. Other
suitable sizes and materials will be apparent to those of ordi-
nary skill in the art.

[0012] Another embodiment of an optical sensor includes a
housing. The housing may be configured to receive at least a
portion of an optical fiber. This embodiment may also include
a ferrule configured to retain the portion of the optical fiber
within the housing. Additionally, this embodiment may
include a lens disposed within the housing and configured to
collimate light received from the optical fiber and to focus
light reflected to the optical fiber. The lens may be a gradient-
index (“GRIN”) lens. Also, the optical sensor may include a
sensor member coupleable to the housing, the sensor member
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being configured to reflect at least a portion of the light that is
received from the optical fiber back to the optical fiber. The
sensor member may be integrated with the optical sensor or
be a distinct item. In a particular embodiment, the sensor
member may be disposable. Alternatively, the sensor member
may be reusable. In such embodiments, the sensor member
may be removable from the housing for cleaning and prepa-
ration for reuse.

[0013] In some embodiments, the sensor member may
include a fiber-interface surface configured to receive broad-
band Gaussian light from the optical fiber. The sensor mem-
ber may also include a sensor body coupled to the fiber-
interface surface, the sensor body having a refractive index
different from a refractive index of the optical fiber such that
at least a portion of light received by the fiber-interface sur-
face will be reflected back to the optical fiber during use; and
a binder-interface surface coupled to the sensor body, the
binder-interface surface configured to receive a chemical
binder layer.

[0014] One or more embodiments involve systems. One
embodiment of the present systems includes a light source
configured to emit broadband Gaussian light. The system
may also include an optical fiber coupled to the light source.
Additionally, the system may include an optical sensor. The
optical sensor may include a fiber-interface surface config-
ured to be coupled to the optical fiber and to receive broad-
band Gaussian light from the optical fiber. The optical sensor
may also include a sensor body coupled to the fiber-interface
surface, the sensor body having a refractive index different
from a refractive index of the optical fiber such that at least a
portion of light received by the fiber-interface surface will be
reflected back to the optical fiber during use; and a binder-
interface surface coupled to the sensor body, the binder-inter-
face surface configurable to receive a chemical binder layer.
[0015] In one embodiment, the system may also include a
spectrometer coupled to the optical fiber, and the spectrom-
eter may receive the light reflected by the optical sensor.
[0016] The system may also include a plurality of optical
couplers, each of which may direct the light reflected by one
or more optical sensors to the spectrometer. The system may
also include a multiplexer configured to communicate light
reflected by a plurality of optical sensors to the spectrometer.
The multiplexer may be a time division multiplexer (TDM).
For example, the multiplexer may include a galvo configured
to scan a plurality of optical fiber inputs. In an alternative
embodiment, the multiplexer may include a two dimensional
linear translation stage. The multiplexer may be configured to
perform a raster scan of a plurality of optical fiber inputs.
[0017] In a further embodiment, the system may include
one or more sets of optical sensors having at least a first set of
optical sensors, each optical sensor in the first set having a
unique physical thickness. The system may also include a
plurality of optical fibers, each coupled to at least one of the
optical sensors in the first set of optical sensors. In such an
embodiment, the system may also include a spectrometer
coupled to the plurality of optical fibers. The spectrometer
may be configured to simultaneously detect light reflected by
each optical sensor in the first set of optical sensors, and
demultiplex the signals received according to a coherence
multiplexing algorithm. This embodiment of the system may
also include a TDM coupled to the one or more sets of optical
sensors, the TDM configured to communicate light reflected
by the each of the sets of optical sensors to the spectrometer
within a designated time slot. In a further embodiment, the
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system may also include a flow cell coupled to the optical
sensor, the flow cell configured to direct target materials into
contact with the optical sensor.

[0018] Other described embodiments may include systems
for label-free detection comprising a spectral domain phase
sensitive interferometer and a patterned molecularly tailored
recognition layer deposited on a plurality of optically clean
substrates. In such embodiments, the spectral domain phase
sensitive interferometer may include a collimated light from
a fiber port that is focused on a sample from a broadband
super luminescent diode source coupled to a 2x2 single mode
fiber splitter. In a particular embodiment, the fiber port further
includes a fiber coupler port terminated with a Ferrule Con-
nector/Angled Physical Contact (FC/APC) connector
mounted onto the fiber port. The fiber coupler port further
may include an unused port that is angle polished or angle
cleaved to avoid back reflection from fiber-air interface into
the fiber coupler port.

[0019] Other embodiments involve processes for label-free
detection. One embodiment of the present processes includes
preparing a blank substrate, depositing a molecularly tailored
recognition layer on the blank substrate, binding a target
biomolecule to the molecularly tailored recognition layer,
and measuring a change in optical thickness due to binding of
the target biomolecule to the molecularly tailored recognition
layer.

[0020] Apparatuses for label-free detection are also
described. One embodiment of the present apparatuses
includes a spectral domain phase sensitive interferometer and
a patterned molecularly tailored recognition layer on a plu-
rality of optically clear substrates. The spectral domain phase
sensitive interferometer may also include a collimated light
from a fiber port that is focused on a sample from a broadband
super luminescent diode source coupled to a 2x2 single mode
fiber splitter. The fiber port may also include a fiber coupler
port terminated with a FC/APC connector mounted onto the
fiber port. The fiber coupler port may include an unused port
that is angle polished or angle cleaved to avoid back reflection
from fiber-air interface into the fiber coupler port.

[0021] Although the term “label-free” is used throughout
this description, it should not be interpreted as a system that is
entirely free of labels. Rather, the term means that although
certain embodiments can be used in conjunction with labels,
the labels are not required to obtain certain benefits of the
embodiments described here.

[0022] The term “coupled” is defined as connected,
although not necessarily directly, and not necessarily
mechanically.

[0023] The terms “a” and “an” are defined as one or more
unless this disclosure explicitly requires otherwise.

[0024] The term “substantially” and its variations are
defined as being largely but not necessarily wholly what is
specified as understood by one of ordinary skill in the art, and
in one non-limiting embodiment “substantially” refers to
ranges within 10%, preferably within 5%, more preferably
within 1%, and most preferably within 0.5% of what is speci-
fied. In any of the embodiments in the present disclosure, the
term “substantially” may be substituted with “within [a per-
centage] of” what is specified, where the percentage includes
0.1, 1, 5, 10, and/or 15 percent.

[0025] The terms “comprise” (and any form of comprise,
such as “comprises” and “comprising”), “have” (and any
form of have, such as “has” and “having”), “include” (and any
form of include, such as “includes” and “including”) and
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“contain” (and any form of contain, such as “contains” and
“containing”) are open-ended linking verbs. As a result, a
method or device that “comprises,” “has,” “includes” or “con-
tains” one or more steps or elements possesses those one or
more steps or elements, but is not limited to possessing only
those one or more elements. Likewise, a step of a method or
an element of a device that “comprises,” “has,” “includes” or
“contains” one or more features possesses those one or more
features, but is not limited to possessing only those one or
more features. Furthermore, a device or structure that is con-
figured in a certain way is configured in at least that way, but
may also be configured in ways that are not listed.

[0026] Other features and associated advantages will
become apparent with reference to the following detailed
description of specific embodiments in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of specific embodi-
ments presented herein.

[0028] FIG.1is aschematic block diagram illustrating one
embodiment of a multiplexed label-free spectrometry system
configured for both time division multiplexing and coherence
multiplexing.

[0029] FIG. 2 is a cross-section diagram illustrating one
embodiment of an optical sensor and associated sensor sig-
nals.

[0030] FIG. 3 is a cross-section diagram illustrating one
embodiment of multiple optical sensors arranged in a coher-
ence multiplexed arrangement and associated signals.
[0031] FIG. 4A is a schematic cross-section diagram illus-
trating one embodiment of an optical sensor.

[0032] FIG. 4B is a schematic cross-section diagram illus-
trating one embodiment of an optical sensor.

[0033] FIG. 4C is a schematic cross-section diagram illus-
trating one embodiment of an optical sensor.

[0034] FIG. 5 is a schematic cross-section diagram illus-
trating one embodiment of system including multiple optical
sensors arranged with reference to a flow cell.

[0035] FIG. 6A is a schematic block diagram illustrating
one embodiment of a system for time division multiplexing of
signals received from multiple optical sensors.

[0036] FIG. 6B is a schematic block diagram illustrating
one embodiment of a system for time division multiplexing of
signals received from multiple optical sensors.

[0037] FIG. 7 is a schematic flow diagram illustrating one
embodiment of a method for demultiplexing optical signals
according to a coherence demultiplexing algorithm.

[0038] FIG. 8 is a schematic flowchart diagram illustrating
one embodiment of a method for label-free quantitative
detection of bio-markers.

[0039] FIG.9 is a schematic flowchart diagram illustrating
one embodiment of a method for operating a multiplexed
system according to present embodiments.

[0040] FIG. 10 is a graphical illustration of a quantitative
measurement of optical path length with respect to time pro-
duced by an embodiment of apparatuses, systems, and meth-
ods.

[0041] FIG. 11 is a graphical illustration of a quantitative
measurement of optical path length, concentration of an anti-
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body in a target sample, incremental antibody accumulation,
and molarity of the antibody in the liquid.

[0042] FIG. 12 is a graphical illustration of a quantitative
measurement of optical path length with respect to time for
each of multiple optical sensors in a multiplexed system
according to present embodiments.

DETAILED DESCRIPTION

[0043] Various features and advantageous details are
explained more fully with reference to the nonlimiting
embodiments that are illustrated in the accompanying draw-
ings and detailed in the following description. Descriptions of
well known starting materials, processing techniques, com-
ponents, and equipment are omitted so as not to unnecessarily
obscure the invention in detail. It should be understood, how-
ever, that the detailed description and the specific examples,
while indicating embodiments of the invention, are given by
way of illustration only, and not by way of limitation. Various
substitutions, modifications, additions, and/or rearrange-
ments within the spirit and/or scope of the underlying inven-
tive concept will become apparent to those skilled in the art
from this disclosure.

[0044] FIG.1is a schematic block diagram illustrating one
embodiment of a multiplexed label-free spectrometry system
100 configured for both time division multiplexing and coher-
ence multiplexing. In one embodiment, the system 100 may
include a light source 102, a spectrometer 104, one or more
couplers 112, 120, a multi-channel TDM 116, one or more
optical fibers 108, 110, 114,118, 122, and one or more optical
sensors 124.

[0045] In one embodiment, the light source 102 may emit
broadband Gaussian light. In general, the light source 102
may illuminate an optical sensor 124 by transmitting light
through one or more optical fibers 108, 114, 118, 122. In
particular, the light spectrum may be shaped, such that the
Gaussian band is symmetric about a center wavelength. For
example, the light source 102 may be a SLD broadband
source (spectrum width 20 nm FWHM) having a center wave-
length at 800 nm and coherence length less than 10 um and a
635 nm guiding beam for visualizing the light beam.

[0046] The system 100 may also include a spectrometer
104. The spectrometer 104, may also be coupled to the optical
sensor 124. In general, the spectrometer 104 is configured to
receive light reflected by the optical sensors 124, and analyze
the reflected light to quantify a property sensed by the optical
sensor 124. For example, the optical sensor 124 may be
configured to capture an antibodies or an analyte, and the light
reflected by the optical sensor 124 to the spectrometer may be
analyzed by the spectrometer 104 to determine a quantity of
the analyte or antibodies captured by the optical sensor 124.
In particular, the spectrometer 104 may determine an optical
path length of the reflected light, which is proportional to the
quantity of antibodies captured by the optical sensor 124. In
one embodiment, the spectrometer 104 may be a Common-
path interferometer used for highly sensitive detection of
change in OPL due to high common mode phase noise rejec-
tion afforded by this configuration.

[0047] As described above, the system 100 may also
include an optical fiber 122 coupled to the light source 102. In
various configurations, additional optical fibers 108, 118 may
also be coupled to the light source. In certain embodiments,
the optical fibers 108, 118, 122 may be coupled by one or
more optical couplers 112, 120 or other system components,
suchas aTDM 116. Additionally, the system 100 may include
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optical fibers 110, 118, 122 for coupling the spectrometer 104
to one or more optical sensors 124.

[0048] The system 100 may also include a plurality of
optical couplers 112, 120. Each optical coupler 112, 120 may
direct the light to the one or more optical sensors 124 and
direct light reflected by one or more optical sensors 124 to the
spectrometer 104. Various types of optical coupler may be
used. For example, coupler 112 may be a 2x1 coupler, or a
2x2 coupler configured as a 2x1 coupler. In another embodi-
ment, the 2x1 coupler 112 may be replaced by an optical
circulator. The couplers 120 between the TDM 116 and the
optical sensors 124 may be 1xN optical couplers or 2xN
optical couplers, where N is an integer. For example, optical
couplers 120 may be a 2x8 optical coupler.

[0049] Each optical sensor 124 may receive light from the
light source 102, and reflect at least a portion of the light
received back through the system 100 to the spectrometer
104. Embodiments of the optical sensor 124 are described in
greater detail below with reference to FIGS. 2-4.

[0050] The system 100 may also include a multiplexer 116
configured to communicate light reflected by a plurality of
optical sensors 124 to the spectrometer 104. For example, the
multiplexer may be a TDM 116 as illustrated in FIG. 1. In one
embodiment, the multiplexer 116 may include a galvo con-
figured to scan multiple inputs from optical fibers 118. In an
alternative embodiment, the multiplexer 116 may include a
two dimensional linear translation stage. The multiplexer 116
may be configured to perform a raster scan of a plurality of
optical fiber inputs. Further embodiments of the multiplexer
116 are described in FIGS. 6A and 6B.

[0051] By way of example, the system 110 illustrated in
FIG. 1 may operate according to the following embodiment.
A braoadband Gaussian light source 102 may be coupled to a
2x1 coupler 112 by a optical fiber 108. Additionally, a spec-
trometer 104 may be coupled to the 2x1 coupler 112 by a
second optical fiber 110. To prevent cross-communication of
light between the light source 102 and the spectrometer 104,
an optical isolator 106 may be included. The 2x1 coupler 112
may be connected to an eight channel TDM 116.

[0052] Additionally, this embodiment may include eight
sets of optical sensors. Each set may contain four individual
optical sensors 124. Each optical sensor 124 in a set may be
coupled to a 1x4 coupler 120 by an optical fiber 122. Addi-
tionally, each optical sensor 124 in a set may have a unique
characteristic, such as a unique thickness, so that the spec-
trometer 104 can distinguish one optical sensor 124 within a
set from another optical sensor 124 within the same set. Inthis
example, each of the four optical sensors 124 in the first set
includes glass of a different thickness. In particular, each
optical sensor 124 may include a coverslip of a different size,
(e.g., #1,#1.5, #2, etc.). The eight sets of optical sensors 124
may be coupled to the TDM 116 by optical fibers 118 con-
nected between the 1x4 optical couplers 120 and the TDM
116. In this example, the system 100 may include a total of
thirty-two (32) optical sensors 124. Each optical sensor 124
may be configured to sense an antibody. Alternative embodi-
ments, may include a different number of sets, and each set
may include alternative numbers of optical sensors 124. In
general, the system 100 may include many different configu-
rations, each having different numbers of optical sensors 124.
[0053] Inthis embodiment, light from the broadband Gaus-
sian light source 102 may be transmitted through the isolator
106, along optical fiber 108, through the 2x1 optical coupler
112, to optical fiber 114. The TDM 116 may receive the light
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from optical fiber 114 and communicate it in a designated
time-slot to each of the sets of optical sensors 124. For
example, at a first time slot, the TDM 116 may transmit the
light through a first optical fiber 118 to the 1x4 coupler 120.
The 1x4 coupler 120 then splits the light which then travels
along each of the optical fibers 122 to each of the optical
sensors 124 in the first set.

[0054] Inresponse to receiving the light, the optical sensors
124 may each reflect at least a portion of the light back to the
optical coupler 120, which combines the reflections. The
reflections are then communicated to the TDM 116 along
optical fiber 118. The TDM 116 passes the reflections to
optical fiber 114, are communicated to the spectrometer 104
through coupler 112 and optical fiber 110. The spectrometer
then detects the signals received from each of the optical
sensors 124 substantially simultaneously and calculates a
result corresponding to each of the individual optical sensors
124 in the first set. The spectrometer 104 may use a coherence
multiplexing algorithm to separate the signals received from
each optical sensor 124. In particular, the phase shift of each
reflection may be a result of both the unique characteristic of
the optical sensor for identifying the optical sensor as well as
the amount of antibody that binds to the optical sensor. The
unique characteristic, such as a unique thickness of the optical
sensor may be used by the spectrometer to determine which
sensor produced a each of the combined reflections.

[0055] FIG. 2 is a cross-section diagram illustrating one
embodiment of an optical sensor 124 and associated spectral
interference fringe signals. A spectral interference fringe sig-
nal is formed as result of light reflecting from two surfaces of
the optical sensor 124. The first surface 202 is the air-glass
interface and the second surface 204 is the protein-liquid
(buffer media) interface. In an alternative embodiment, the
first surface 202 may be a fiber-interface surface. The fringe
modulation frequency is directly proportional to the OPL
between the two reflective surfaces. The top and bottom pan-
els show reflecting surfaces of the biosensor and the corre-
sponding spectral interference fringe signal formed before
210 and after 214 the incubation of the antibody 212. After
incubation of the antibodies 212, phase of the spectral inter-
ference fringe signal shifts 214 as the OPL increases with
accumulation of antibodies on the antigen functionalized sur-
face. Light beam 208 focused on the functionalized surface
interrogates binding events that occurs within the beam spot
area.

[0056] In one embodiment, the optical sensor 124 may
include a fiber-interface surface 202 configured to be coupled
to an optical fiber 122 and to receive broadband Gaussian
light 208 from the optical fiber 122. The optical sensor 124
may also include a sensor body 216 coupled to the fiber-
interface surface 202, the sensor body 216 having a refractive
index different from a refractive index of the optical fiber 122,
such that at least a portion of light received by the fiber-
interface surface 202 is reflected back to the optical fiber
during use. Additionally, the sensor body 206 may be coupled
to a binder-interface 204 surface. The binder-interface sur-
face 204 may receive a chemical binder layer. For example, a
molecularly tailored layer, such as an epoxy, may be depos-
ited, on which antigens 206 may be cultured or deposited. The
antigens 206 may capture antibodies of interest 212. The first
spectral fringe signal 210 may correspond to the sensor with
antigens 206, whereas the second spectral fringe signal 214
may correspond to the sensor with the antibody of interest
captured by the antigens 206. The phase shift of the second
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spectral fringe signal 214 with respect to the first spectral
fringe signal 210 may be directly proportional to the optical
path length of the sensor with the captured antibodies 212.

[0057] One advantage of the present embodiments is that
these techniques do not require use of specialized or custom
designed sensors 124. Rather, any suitable optically clear
material may be functionalized and used as an optical sensor.
For example, a glass or plastic coverslip may be used as a
sensor 124, once it has been suitably functionalized and pre-
pared for sensing. This makes operation of the system 100 far
easier and more cost effective that previously known meth-
ods.

[0058] In one example, optical configuration for detection
and quantification of protein binding to the sensor 124 is a
common-path interferometer 104 in which the transparent
biosensor surface 202 itself is used to generate spectral inter-
ference signal. The optical setup consists of a low-coherence
light source 102 (superluminescent diode, AA=20 nm,
~,=800 nm), 2x2 single mode fiber coupler 112, and a high
resolution spectrometer 104. Light from a low-coherence
source 102 is input into one of the ports of the fiber coupler
112. Light after splitting at the coupler travels along the two
fiber ports. In this setup only one port is utilized for biosens-
ing. The other port can be used as another channel for detec-
tion. Light after exiting the fiber is collimated and focused on
the biosensor surface 202 as illustrated in FIG. 2.

[0059] The sensors surface can be any transparent substrate
with the target antigen 206 to capture the antibody of interest
212. Inthe spectral domain, partially coherent light reflecting
from two optically separated surfaces when mixed using a
interferometer produces spectral interference signal with a
modulation frequency that is proportional to the optical path
length difference between the two surfaces and is given by,

S(k)=So(k){R 1 +Ro+Y R R, (k) Icos (4nApk)+Po } 1)
[0060] where s, (k) is incident spectral intensity, R, and R,

are reflectivities of the two surfaces, (k) is the spectral
degree of coherence, Ap is optical path length difference
between the two surfaces and k is the wave number. In our
setup (k) is equal to one since the light exiting the fiber is
perfectly spatially coherent.

[0061] Functionalized biosensor chips used for experi-
ments were prepared using protein capture microscope glass
cover slips of various thicknesses (#1, #1.5 and #2) purchased
from a commercial vendor (Xenopore Corp of Hawthorne,
N.J.). These coated glass cover slips may be configured to
covalently attach amino containing molecules to its surface.
The reactive groups on the surface spontaneously react with
primary and secondary amino groups to create a covalent
bond.

[0062] Ina further embodiment, the optical sensor 124 may
include a Polydimethylsiloxane (PDMS) multi-well stamp.
For example, Sylgard 184 Silicone elastomer (PDMS) may
be supplied in two parts as lot-matched base and curing agent
that are mixed in a ratio of 10 parts base to one part curing
agent, by weight or volume. After mixing thoroughly, the
mixture may be desiccated to get rid of any air bubbles. The
mixture may then be poured on a silicon wafer and cured at
150° C. for 10 minutes. The PDMS may be peeled from the
wafer, cut in size for the glass coverslips, and wells may be
created using 6 mm biopsy punch. The PDMS stamp with
punched holes may be cleaned using, for example, tape (e.g.,
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SCOTCH-brand tape) and then placed on the glass coverslip.
The PDMS may be pressed on the coverslip to ensure leak
proof seal.

[0063] FIG. 3 is a cross-section diagram illustrating one
embodiment of multiple optical sensors arranged in a coher-
ence multiplexed arrangement and associated signals. In the
embodiment described in FIG. 3, multiple optical sensors 124
are prepared to capture an antibody 212. The thickness of
each optical sensor 124 is unique. The signals reflected by the
optical sensors 124 are combined into a multiplexed signal
302. The spectrometer 102 may then transform the signals
using, for example, a Fast Fourier Transform (FFT) or Hilbert
transform. In such an embodiment, the transform of'the signal
reflected by each sensor will have a peak at a different fre-
quency, where the frequency corresponds to a an optical path
length associated with the optical sensor 124. The optical path
length is determined in part by the unique thickness of the
optical sensor 124, such that a first peak 304 corresponds to a
signal reflected by the first optical sensor 124 on a first chan-
nel, the second peak 306 corresponds to a signal reflected by
the second optical sensor 124 on a second channel, and the
third peak 308 corresponds to a signal reflected by a third
optical sensor 124 on a third channel.

[0064] FIG. 4A is a schematic cross-section diagram illus-
trating one embodiment of a sensor unit 400. The depicted
embodiment of an sensor unit 400 includes a housing 402.
The housing 402 may be configured to receive at least a
portion of an optical fiber 404. In one embodiment, the hous-
ing may be stainless steel. Alternatively, the housing may be
aluminum, plastic, or the like. This embodiment may also
include a ferrule 406 configured to retain the portion of the
optical fiber 404 within the housing 402. Additionally, such
embodiments may include a lens 408 disposed within the
housing 402 and configured to collimate light received from
the optical fiber 404 and to focus light reflected to the optical
fiber 404. In a particular embodiment, the lens 408 may be a
gradient-index (“GRIN™) lens. Also, the sensor unit 400 may
include a optical sensor 124 that can be coupled to the housing
402, the optical sensor 124 configured to reflect at least a
portion of the light received from the optical fiber 404 back to
the optical fiber 404. The optical sensor 124 may be integrated
with the sensor unit 400 or packaged and sold separately. In a
particular embodiment, the optical sensor 124 may be dispos-
able. Alternatively, the optical sensor 124 may be reusable. In
such embodiments, the optical sensor 124 may be removable
from the housing for cleaning and preparation for reuse.
[0065] In a such an embodiment, the optical sensor 124
may include a fiber-interface surface 202 configured to
receive broadband Gaussian light from the optical fiber 404.
The optical sensor 124 may also include a sensor body 216
coupled to the fiber-interface surface 202, the sensor body
216 having a refractive index different from a refractive index
of the optical fiber 404 such that at least a portion of light
received by the fiber-interface surface 202 will be reflected
back to the optical fiber 404 during use. Additionally, the
optical sensor 124 may include a binder-interface 204 surface
coupled to the sensor body 216, the binder-interface surface
204 configured to receive a chemical binder layer 206.
[0066] FIG. 4B is a schematic cross-section diagram illus-
trating one embodiment of an optical sensor 124. In the
depicted embodiment, the optical sensor includes an optical
fiber having a core 410 and a cladding 412. At one end, the
optical fiber may be coupled to a sapphire layer. For example,
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the optical fiber may be cleaved, polished, and the sapphire
may be spliced to the end of optical fiber.

[0067] FIG. 4C is a schematic cross-section diagram illus-
trating one embodiment of an optical sensor. In this embodi-
ment, the optical sensor 124 includes a first segment of optical
fiber 416, a partially reflective metallic layer 418, and a sec-
ond segment of optical fiber 420. In one embodiment, the first
segment of optical fiber 416 may be cleaved and polished.
The cleaved end may then be dipped in, for example, a silver-
containing solution. Alternative methods of applying the par-
tially reflective layer may include Chemical Vapor Deposi-
tion (CVD), sputtering, painting, or the like. In such
embodiments, the metallic layer 418 reflects a portion of light
incident upon the layer and transmits a portion of light inci-
dent upon the sensor. The metallic layer may include silver,
gold, chromium, aluminum, or other materials suitable for
forming a partially reflective layer.

[0068] FIG. 5 is a schematic cross-section diagram illus-
trating one embodiment of a system including multiple opti-
cal sensors 400 arranged with reference to a flow cell 500. In
one embodiment, the flow cell 500 includes a body structure
502. The body structure 502 may include a portion defining a
channel. The channel may include an inlet 504 and an outlet
506. In one embodiment, the body structure is formed of a
block of DELRIN material.

[0069] Ina furtherembodiment, an optically clear layer 508
may run adjacent the channel. For example, the optically clear
layer 508 may be glass, plastic, or the like. The body structure
502 may include several portions forming a slot 510. Alter-
natively, these portions may be holes, grooves, or the like. The
slot 510 may be configured to receive an optical sensor 124. In
a further embodiment, the flow cell 500 may include multiple
slots 510 for receiving multiple optical sensors 400(a)-(d).
The optical sensors 400(a)-(d) may each engage the optically
clear layer 508. In one embodiment, each of the optical sen-
sors 400(a)-(d) include an arrangement similar to that
described in FIG. 4A above. In such an embodiment, how-
ever, the optical sensor element 124 may be replaced by the
optically clear layer 508. The binding chemistry may be dis-
posed within the channel on channel side of the optically clear
layer 508. In an alternative embodiment, the optical sensors
400(a)-(b) may each include a sensor element 124 as
described in FIG. 4 A, and the optically clear layer 508 may be
removed, allowing the optical sensors 400(a)-(d) direct
access to the fluid in the channel.

[0070] FIG. 6A is a schematic block diagram illustrating
one embodiment of a system for time division multiplexing of
signals received from multiple optical sensors 124. In one
embodiment, the TDM 116 may include an input port for
receiving an optical fiber 114. Light from the optical fiber 114
may be collimated by a lens 602 into a collimated beam 604.
One or more two-dimensional galvo scanners 606 may direct
the beam 604 to one or more optical fibers 118. In a particular
embodiment, the optical fibers may be arranged in a lanslet
array 608. Alternatively, multiple fibers may be bundled and
positioned to receive the beam 604 from the galvo 606. Addi-
tionally, light received from optical fibers 118 may be focused
and directed back to optical fiber 114. In one embodiment, the
galvo may scan the optical fibers according to a raster scan
algorithm. Alternative scanning algorithms may be recog-
nized by one of ordinary skill in the art.

[0071] FIG. 6B is a schematic block diagram illustrating
another embodiment of a system for time division multiplex-
ing of signals received from multiple optical sensors 124. In
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this embodiment, the fiber 114 includes a tip having a housing
612, a ferrule 614, and a lens 616. In such an embodiment, the
galvo 606 may be replaced with a two-dimensional transla-
tion stage 610.

[0072] FIG. 7 is a schematic flow diagram illustrating one
embodiment of a method 700 for demultiplexing optical sig-
nals according to a coherence demultiplexing algorithm.
Method 700 includes acquiring spectral interference signals
from multiple optical sensors 124. The spectral interference
signals may then be transformed. In one embodiment, the
signals may be transformed 704 using a Fourier transform. In
such an embodiment, the phase may be determined 706
according to a calculation of the inverse tangent of the imagi-
nary part of the Fourier transform of the signal divided by the
real part of the Fourier transform of the signal as illustrated in
block 706. Alternatively, the signals may be transformed
using a Hilbert transform 708. In such an embodiment, the
phase of the signals may be determined by calculating the
inverse tangent of the signals divided by the Hilbert transform
of'the signals. In either case, once the phase is determined, it
is unwrapped and converted to optical path length 712.
Unwrapping the phase means that the phase is determined as
a multiple of the period 2n plus a remainder.

[0073] An embodiment of a system that may be used to
implement the method described in FIG. 7 may include, for
example, a line scan camera in the spectrometer. The line scan
camera may record up to 20,000 Spectra/s. To reduce datarate
for the experiments, the line scans may be externally trig-
gered to acquire single spectra at a rate of 20 Hz. This acqui-
sition rate may be more than sufficient for antigen-antibody
binding detection experiments. The spectral data acquired by
the line scan camera is digitized and transferred to a computer
(not shown) for storage and processing via data acquisition
card. Spectral data 702 acquired by the line scan camera in the
spectrometer may be streamed to a frame grabber card, for
example, National Instruments 1428, on the computer. A
software module may takes the spectral data from the frame
grabber card and processes it for real-time display.

[0074] An embodiment of the operation of such a software
module is described in FIG. 7. For example, individual spec-
tral scans 702 may be first converted to k-space using a spline
interpolation routine and then fast Fourier transformed 704 to
yield an amplitude/phase versus OPL 712.

[0075] Simultaneous interrogation of multiple sensors 124
can be achieved using frequency, wavelength or coherence
domain multiplexing as described in FIG. 7. The described
method uses coherence domain multiplexing for simulta-
neous detection of reflections from multiple optical sensors
124. In the embodiment, described in FIG. 3, each channel for
sensing is a coherence separated channel with sensing infor-
mation encoded in specific carrier frequency (spectral fringe
frequency) that is determined by the optical thickness of the
biosensor substrate. In the embodiment, a multi-channel
channel interferometer is used instead of spectrometer 104
with which each channel constitutes an independent common
path interferometer interrogates the various optical sensors
124.

[0076] A representation of the combined spectral interfero-
metric fringe signal from multiple optical sensors 124
detected by the spectrometer 104 may be represented as,
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Sk) = wSo(k){Rl + Ry + VRR; |;4(k)|Z cos(47rApmk)}
m=1
[0077] where S,(k) is incident spectral intensity, R, and R,

are reflectivities at the two biosensor interface surfaces
responsible for the generating the biosensing signal, (k) is
the spectral degree of coherence, Ap,, is optical path length
difference between the two surfaces of the m” biosensor, k is
the wave number, o is the fraction of light reflected from
individual biosensor that is coupled into the spectrometer.
[0078] The modulation frequency of the spectral fringes
may be directly proportional to the thickness of the biosensor
surface. The spectral resolution of the spectrometer may be,
for example, 0.1 nm which dictates the max difference in OPL
that can be measured by that particular spectrometer 104, and
hence the max thickness of the transparent substrate (1.5 mm,
for glass of refractive index of 1.45) that can be used as an
optical sensor 124. The bandwidth of the low coherence
source may determine the smallest thickness of the transpar-
ent substrate that can be used as a biosensor surface.

[0079] The optical sensor 124 may be any transparent sub-
strate functionalized to capture an antibody of interest. In the
spectral domain, partially coherent light reflecting from two
optically separated surfaces when mixed using a interferom-
eter produces spectral interference signal with a modulation
frequency that is proportional to the optical path length dif-
ference between the two surfaces.

[0080] In one embodiment of the process of FIG. 7, the
Fourier transform 704 of the acquired signals 702 may be
taken. Fourier transformation of'eq. 1 yields the magnitude of
reflected signal as a function of OPL separation between the
reflecting surfaces. Assuming a Gaussian source, Fourier
transformation yields a Gaussian function with the peak cen-
tered at Ap and the width proportional to the bandwidth of the
low coherence source. As illustrated in FIG. 2, spectral inter-
ference fringe signal may be formed as a result of light reflect-
ing from two surfaces of the biosensor as indicated by arrows
in top and bottom panels. Binding of antibodies 212 to anti-
gen 206 functionalized surface 204 may result in sub-wave-
length changes in OPL which results in phase shift of the
spectral interference fringe signal 214. In one example
embodiment, the spectrometer 104 is a high speed spectrom-
eter capable of acquiring 20 K spectra/sec with a resolution of
0.1 nm. For detection of sub-wavelength change in OPL, the
phase of the spectral fringe signal may be measured, which
can be found by the following expression,

B AnAp 3)

=ap Ao

L ImIIS]
¢= {ReJ[S(k)]}

[0081] where A is center wavelength of the low coherence
source. In one embodiment, the low-coherence source has a
symmetrical spectrum.

[0082] Thetotal phase changeis proportional to the number
of antibody molecules 212 binding to the antigen 206 per unit
area. Formation of a complete antibody monolayer bound to
the antigen layer 206 represents the maximum detectable
concentration of antibodies 212. The minimum number of
antibodies 212 that can be detected and quantified depends on
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the phase sensitivity of the technique and morphology (shape
and size) of the antibody 212. The adsorbed mass per unit area
of' bound antibodies can be quantified as,

Pm
n=-"x

T ¢r

m > @
a, [ng/mm”]

[0083] where ¢, is phase change due to a given concentra-
tion of incubated antibody, ¢, is total phase change due to
saturation coverage of the bound antibody, w,, is weight of the
antibody molecule and A, is the cross-section area of the
antibody molecule orthogonal to the incident optical probe
beam axis. The configuration in which the antibody attaches
to the antigen will determine the cross-sectional area. Ulti-
mately, the value of ¢, may be determined by the density of
available sites for antibody binding and morphology of the
antibody. The lower limit of adsorbed mass detection may
depend on the phase noise (¢,,=9,,.;s.) 0f the interferometer
104 for a given optical sensor 124.

[0084] Other embodiments may include optical sensors
124 configured to detect other target materials, such as ana-
lytes. One of ordinary skill in the art will recognize a variety
of'chemical methods for functionalizing an optical sensor 124
for detection of a variety of chemicals and molecules.
[0085] FIG. 8 is a schematic flowchart diagram illustrating
one embodiment of a method 800 for quantitative detection of
bio-markers. In one embodiment, the method 800 starts by
configuring 802 a sensor system 100 for sampling. This may
include providing one or more optical sensors, connecting the
system components, and chemically preparing the optical
sensor to detect a target molecule.

[0086] Then, according to one embodiment of the method
800, the system 100 may start 804 acquiring signals. For
example, a spectrometer 104 may start 804 acquiring signals
from multiple optical sensors 124. A control substance may
then be introduced 806 for acquisition of baseline signals. In
one embodiment, the control substance may be a buffer solu-
tion that does not contain an antibody of interest. The spec-
trometer 104 may continue to acquire 808 signals until an
equilibrium state is reached, indicating that a baseline signal
has been captured that is sufficient for analysis of the target
substance.

[0087] According to one embodiment, the target substance
may then be introduced 810. For example, a buffer solution
containing the an antibody or analyte of interest may be
introduced 810 to the optical sensors 124, through, for
example, a flow cell 500. The spectrometer 104 may continue
to acquire 812 signals corresponding to the target substance,
and a computer or processing device may process 814 the
acquired signals to quantify, for example, an amount of the
target substance sensed by the optical sensor 124.

[0088] FIG. 9 is a schematic flowchart diagram illustrating
one embodiment of a method 900 for operating a multiplexed
system according to the present embodiments. In one
embodiment, the method 900 starts with directing 902 signals
received from a first set of optical sensors 124 to the spec-
trometer 104. For example, a TDM 116 comprising a galvo
scanner 606 may be used to direct 902 signals from a first
optical fiber 118 to a second optical fiber 114, where the
optical fiber is coupled to the spectrometer 104.

[0089] The spectrometer 104 may then convert 904 the
optical signals received from the first set of optical sensors
124 to digital signals. The spectrometer 104, or an associated
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computer or processing device, may then process 906 the
digital signals corresponding to the first set of optical sensors
124. Processing 906, may include transforming the results
according to a Fourier transform 704, a Hilbert transform 708,
or the like. Processing 906 may also include performing one
or more calculations on digital representations of the signals
and the transforms as described in FIG. 7. Processing 906
may also include determining an optical path length, or oth-
erwise quantifying an amount of a target substance detected
by each of the optical sensors 124. In a particular embodi-
ment, processing may include determining which portion of
the acquired signal corresponds to a particular one of the
optical sensors 124 in the set. For example, each optical
sensor 124 may have a unique characteristic, such as a unique
thickness. Processing may include performing coherence
domain demultiplexing by identifying which sensor 124
reflected a transformed peak based on the optical path length.
One example of this processing is illustrated in FIG. 3.
[0090] If the TDM 116 determines 908 that additional
unscanned sets exist, it may direct 910 the galvo to a next set
of sensors in a sequence of sets. For example, the TDM 116
may perform a raster scan of the sets. If, however, all of the
sets have been scanned the TDM 116 may repeat the process
until a determination 912 is made that testing is complete.

EXAMPLES

[0091] FIG. 10 is a graphical illustration of a quantitative
measurement of optical path length with respect to time pro-
duced by an embodiment of the system 100. FIG. 10 repre-
sents a dynamic change in OPL with anti-rabbit IgG (anti-
body) binding to rabbit IgG (antigen) layer for different
concentrations of the antibody. Commercially available ordi-
nary glass coverslips coated with protein capture surfaces
were purchased and functionalized with the antigen. In brief,
coated glass coverslips were thoroughly washed and a Poly-
dimethylsiloxane (PDMS) stamp with several punched holes
is placed on the coverslip to yield a multi-well (60 ul) plate for
conducting the binding experiments. Wells were incubated
with IgG (2 mg/ml) and stored at 4° C. for 12 hrs after which
they were washed (3x) with 0.1% Tween-PBS and PBS sepa-
rately. After washing the wells were filled with PBS and
stored in the refrigerator. Before starting the experiments
multi-well the optical sensor 112 chip was removed from the
refrigerator and allowed to equilibrate to room temperature.
The optical sensor 112 was then placed on a tip-tilt mirror
mount attached to a translation stage. The sensor surface is
positioned such that the probe beam focus is at the glass-
liquid (buffer) interface. Wells were first incubated with 20 pl
of PBS and data acquisition is initiated. After a fixed interval
of time wells were incubated with IgG antibodies via a
pipette. Change in OPL that occurred as a function of time for
various concentration IgG antibody binding to functionalized
antigen layer is shown in FIG. 10. Curve 1002 corresponds to
a concentration of 66.67 pg/ml, curve 1004 corresponds to a
concentration 13.33 pg/ml, curve 1006 corresponds to a con-
centration of 6.67 pg/ml, curve 1008 corresponds to a con-
centration of 0.670 ng/ml, curve 1010 corresponds to a con-
centration of 0.067 pg/ml. Spectral fringes were recorded
every 50 ms. For the plots in FIG. 10 the measured phase was
averaged for an interval period of one second. The transient
seen at the onset of IgG incubation is an artifact that was
caused by liquid dropping in to the well from the pipette and
mechanically perturbing the sensor. This transient does not
affect the final quantification of the OPL.
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[0092] Direct attachment of the fiber probe to the sensor or
a flow cell configuration may eliminate the transient phase
perturbation. In this static flow setup the IgG molecules may
reach the antigen surface primarily through diffusion and
Brownian motion. IgG antibody concentration ranging from
220 pM to 440 nM which represents a mass coverage of 0.05
ng/mm? to 1.18 ng/mm? were detected with the phase sensi-
tive spectral domain interferometric technique. FIG. 11
describes these results. In particular, FIG. 11 illustrates a
change in OPL and incremental mass coverage due to binding
of antibodies to the surface immobilized antigen as function
of anti-rabbit IgG (antibody) concentration. Change in OPL
with reference to concentration is represented on the left
y-axis whereas the equivalent mass coverage of IgG is quan-
tified on the right y-axis. In calculating the mass coverage
protein binding site density of 2.5 ng/mm? (as per the manu-
facturer) was used. Furthermore the cross-sectional area for
the IgG antibody was calculated to be 3.14x107'* mm?
assuming IgG antibody to be of an ellipsoidal shape oriented
along its major axis when bound to the antigen. The measured
sensitivity of detecting IgG antibodies was 33 ng/ml from a
single detection spot. The antibody mass coverage was a
linear function of IgG antibody concentration up to 100 nM
after which it begins to saturate and shows nonlinear depen-
dence.

[0093] FIG. 12 is a graphical illustration of a quantitative
measurement of optical path length with respect to time for
each of multiple optical sensors in a multiplexed system
according to the present embodiments. Three surfaces of
different thickness (glass coverslip #1, #1.5, #2) were used as
sensors to demonstrate the principle of coherence division
multiplexing. Each sensor was functionalized with IgG (anti-
gen) which is the capture molecule for IgG antibodies. Shown
in FIG. 12 is biomolecular interaction analysis of IgG anti-
bodies binding to IgG immobilized on the sensors surfaces of
various thicknesses. Each sensor 124 generated a spectral
interference of a fixed modulation frequency proportional to
its optical thickness giving rise to a unique peak (channel) in
the Fourier transformed signals. The phase of each channel
was measured. Spectrum was acquired at an time interval of
50 ms. Phase converted to OPL is plotted as a function of time
showing the simultaneous binding of anti IgG to IgG at three
different sensor surfaces demonstrating detection of multiple
biomolecular interactions using the principle of coherence
division multiplexing.

[0094] All of the methods disclosed and claimed herein can
be made and executed without undue experimentation in light
of'the present disclosure. While the apparatus and methods of
this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that
variations may be applied to the methods and in the steps or in
the sequence of steps of the method described herein without
departing from the concept, spirit and scope of the invention.
For example, one of ordinary skill in the art will recognize a
wide variety of sensor materials, thicknesses, and geometries.
Additionally, one of ordinary skill in the art will recognize a
wide variety of chemistry schemes for functionalizing the
sensors. In addition, modifications may be made to the dis-
closed apparatus and components may be eliminated or sub-
stituted for the components described herein where the same
or similar results would be achieved. For example, certain
optical fiber paths, optical couplers, or the like may be elimi-
nated depending upon system implementation. All such simi-
lar substitutes and modifications apparent to those skilled in
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the art are deemed to be within the spirit, scope, and concept
of the invention as defined by the appended claims.

What is claimed is:

1. An optical sensor comprising:

a fiber-interface surface configured to be coupled to an
optical fiber and to receive broadband Gaussian light
from the optical fiber;

a sensor body coupled to the fiber-interface surface, the
sensor body having a refractive index different from a
refractive index of the optical fiber such that at least a
portion of light received by the fiber-interface surface
will be reflected back to the optical fiber during use; and

a binder-interface surface coupled to the sensor body, the
binder-interface surface configured to receive a chemi-
cal binder layer.

2. The optical sensor of claim 1, further comprising a
binder layer comprising a first molecule configured to
molecularly bind to a second molecule.

3. The optical sensor of claim 2, where an optical path
distance of the optical sensor increases in response to the
second molecule binding to the first molecule.

4. The optical sensor of claim 1, where the sensor body
comprises an optically clear material with respect a wave-
length of interrogation.

5. The optical sensor of claim 4, where the sensor body
comprises optically clear glass.

6. The optical sensor of claim 1, where the sensor body
comprises optically clear plastic.

7. The optical sensor of claim 1, where the sensor body
comprises:

a partially reflecting metallic layer; and

asegment of an optical fiber coupled to the partially reflect-
ing metallic layer.

8. The optical sensor of claim 7, the partially reflecting

metallic layer comprising silver.

9. The optical sensor of claim 1, where the sensor body has
a physical thickness in the range of 100 um to 10 mm.

10. An optical sensor comprising:

a housing configured to receive at least a portion of an

optical fiber;

a ferrule configured to retain the portion of the optical fiber
within the housing;

a lens disposed within the housing and configured to col-
limate light received from the optical fiber and to focus
light reflected to the optical fiber; and

a sensor member coupleable to the housing, the sensor
member configured to reflect at least a portion of the
light received from the optical fiber back to the optical
fiber.

11. The optical sensor of claim 10, where the lens com-

prises a gradient-index (“GRIN”) lens.

12. The optical sensor of claim 10, where the sensor mem-
ber comprises:

a fiber-interface surface configured to receive broadband

Gaussian light from the optical fiber;

a sensor body coupled to the fiber-interface surface, the
sensor body having a refractive index different from a
refractive index of the optical fiber such that at least a
portion of light received by the fiber-interface surface
will be reflected back to the optical fiber during use; and
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a binder-interface surface coupled to the sensor body, the
binder-interface surface configured to receive a chemi-
cal binder layer.

13. A system comprising:

alight source configured to emit broadband Gaussian light;

an optical fiber coupled to the light source; and

an optical sensor comprising:

a fiber-interface surface configured to be coupled to the
optical fiber and to receive broadband Gaussian light
from the optical fiber;

a sensor body coupled to the fiber-interface surface, the
sensor body having a refractive index different from a
refractive index of the optical fiber such that at least a
portion of light received by the fiber-interface surface
will be reflected back to the optical fiber during use;
and

abinder-interface surface coupled to the sensor body, the
binder-interface surface configurable to receive a
chemical binder layer.

14. The system of claim 13, comprising a spectrometer
coupled to the optical fiber, the spectrometer configured to
receive the light reflected by the optical sensor.

15. The system of claim 14, comprising a plurality of
optical couplers, each optical coupler configured to direct the
light reflected by one or more optical sensors to the spectrom-
eter.

16. The system of claim 15, comprising a multiplexer con-
figured to communicate light reflected by a plurality of opti-
cal sensors to the spectrometer.

17. The system of claim 16, where the multiplexer com-
prises a time division multiplexer (TDM).

18. The system of claim 16, where the multiplexer com-
prises a galvo configured to scan a plurality of optical fiber
inputs.

19. The system of claim 16, where the multiplexer is con-
figured to perform a raster scan of a plurality of optical fiber
inputs.

20. The system of claim 13, comprising:

one or more sets of optical sensors comprising at least a
first set of optical sensors, each optical sensor in the first
set having a unique physical thickness;

a plurality of optical fibers, each coupled to at least one of
the optical sensors in the first set of optical sensors; and

a spectrometer coupled to the plurality of optical fibers, the
spectrometer configured to simultaneously detect light
reflected by each optical sensor in the first set of optical
sensors, and demultiplex the signals received according
to a coherence multiplexing algorithm.

21. The system of claim 20, comprising a TDM coupled to
the one or more sets of optical sensors, the TDM configured
to communicate light reflected by the each of the sets of
optical sensors to the spectrometer within a designated time
slot.

22. The system of claim 13, comprising a flow cell coupled
to the optical sensor, the flow cell configured to direct target
materials into contact with the optical sensor.

23. The system of claim 13, where the optical sensor is
separated from the optical fiber by a gap.

24. The system of claim 13, where the optical sensor is
separated from the optical fiber by a lens.
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